Leukocyte filters are applied clinically to remove leukocytes from blood. In order to optimize leukocyte filters, a mathematical model to describe the leukocyte filtration process was developed by modification of a general theoretical model for depth filtration. The model presented here can be used to predict the time-dependent leukocyte filtration as a function of cell-cell interaction in the filter, filter efficiency, filter capacity, filter dimensions, and leukocyte concentration in the suspension applied to the filter. The results of different leukocyte filtration experiments previously reported in the literature could be well described by the present model. 0 1995 John Wiley & Sons, Inc.
INTRODUCTION
Leukocyte filtration has become a popular method to prepare leukocyte poor blood components for clinical use, and nowadays a variety of specialized filters is commercially available for this purpose.39 Thus far, the optimization of leukocyte filters has been achieved mainly by trial and error, and the mechanisms involved in the filtration process have only recently been investigated in more detail. The development of a mathematical model to describe the filtration process, based on current knowledge of filtration mechanisms, may be helpful to explain results obtained with leukocyte filtration and to optimize leukocyte filters.
Filtration processes can be subdivided in three categories: surface filtration, cake filtration, and depth f i l t r a t i~n .~'~ The filtration of leukocytes from blood by means of a leukocyte filter can be regarded as a depth filtration process, because the retention of leukocytes by the filter is not restricted to the filter surface but may occur at any place inside the filter bed. Depth filters are most frequently used in industry, in particular to purify wastewater or smoke gases. Studies reported to describe depth filtration processes by mathematical models have almost been exclusively used to describe applications in the field of chemical engineering and include macroscopic descriptions based on a phenomenological appreach, 1, 2224, 37 microscopical descriptions based on a theoretical approach, 11*26,29336 as well as stochastic mod-M ost of these 15, 25, 30 and network * To whom all correspondence should be addressed. studies are, however, very specific and their significance with respect to leukocyte filtration is therefore probably poor.
Only a few attempts to mathematically describe the leukocyte filtration process are known. Diepenhorst7 has evaluated a mathematical model, originally derived to explain the removal of ferrous hydroxide particles from groundwater through sand beds, to describe the filtration of leukocytes through cotton wool filters, but he did not succeed in explaining his experimental results. Recently, Prins and Steneke?8 have developed a computer model to explain the depletion of leukocytes in filters composed of filter segments with different leukocyte trapping efficiencies. With the use of this model, they were able to simulate a number of different filtration experiments. A shortcoming of the model, however, was that the model parameters were based on empirically derived probability factors, and therefore the theoretical value of the model is only small. Moreover, the statistical basis of the model reduces its adaptivity in process engineering and product design.
The aim of the study presented here was to develop a mathematical model to describe the leukocyte filtration process. For this purpose we have adapted a phenomenological depth filtration model from the literature and used it to explain the results of previously reported leukocyte filtration experiments. The results of this study may be important for both the design of new filter materials and the optimization of the filtration process.
THEORY
A basic hypothesis of depth filtration of the particles to be filtered is that the particle concentration decrease per unit of filter length (dclah) is proportional to the concentration (c)5, 12,17,22,38. 
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The filtration coefficient A is a measure for the efficiency of the filter and was first introduced by Iwasaki" in 1937. The value of the coefficient depends on the properties of the carrier fluid, the suspension of particles, and the porous filter medium. Various authors have proposed expressions for A as a function of filtration parameters, such as pore size, particle size, fluid viscosity, and fluid flow rate. 10*14735 The fundamental interest and the applicability of such expressions in leukocyte filtration are small, however, since they were derived semi-empirically with regard to specific process conditions.
During filtration, A changes as a function of time, because the amount of material already deposited in the filter, u, influences the filtration of other particles. A general assumption mentioned in the literature is that a limited number of retention sites (urn=) in the filter is accessible for the capture of particles. Therefore, the filter efficiency decreases upon occupation of these retention sites during filtration. Hence, a linear decrease of A with u has been assumed by several a~thors'*,'~,*~:
in which A, is the filtration coefficient of the noncontaminated filter. Thus, the value of A, depends purely on the properties of the filter material.
On the other hand, the filter efficiency may increase upon clogging of the filter. During leukocyte filtration, deposited platelets may enhance the retention of leukocytes from the blood cell su~pension.~ Moreover, material deposited in the filter may reduce the apparent pore size in the filter, thus improving the filter efficiency. * Some authors have proposed a linear expression for A as a function of u, in which a factor ,$ accounts for the positive effect of particle deposition in the filter on the filter effi~iency'~.'~:
(3)
Several other relations between A and u have been reported in the literature. 14*17, 18335 We postulate that for leukocyte filters A can be formulated by a linear combination of Eqs.
(2) and (3):
Thus, the effects of filter properties (first term; A , ) , filter saturation (second term), and cell-cell interaction in the filter (third term) are included. In this respect, the constant factor 5 can be defined as a cell-cell interaction parameter, which accounts for the positive effects of deposited cells on the retention of other cells. The interaction between leukocytes and adherent platelets in the filter4 can be incorporated in 5 by assuming a constant ratio between the amount of deposited leukocytes and platelets.
An expression for the leukocyte concentration in the filtrate as a function of time (c/co vs. t ) can be derived from the mass balance for particles in a filter element with thickness ah:
Here, the fluid flow rate through the filter, w, is expressed in unit distance per unit time. The volume flow rate can eventually be calculated by multiplication of w with the planar filter surface area A. When 5 = 0, Eq. (4) (2) , and (5)] can be obtained by application of the solution method described by Herzig et a1.I4:
A similar expression for CIC, was also reported by Heertjes and Z~ideveld,'~ who successfully used the equation to describe the filtration of monosized polystyrene particles through a depth filter consisting of a bed of glass spheres.
Another simplification can be made when 6 = 1. In this case, an analytical solution of the differential system can again be ~btained'~:
In the general case, in which the value of ,$ is variable, the differential system cannot be solved analytically. However, we propose a numerical solution from the implicit function of u: (9) Because c/c, = U / U~~, '~ the value of CIC, can be numerically determined from Eqs. (8) and (9) .
RESULTS AND DISCUSSION
The theory developed to describe the leukocyte filtration process can be used to simulate the effect of some filtration parameters on the filter efficiency and to explain the results of filtration experiments. It should be kept in mind, however, that the expressions derived for u and CIC, as a function off [Eqs. (6 to 9)] were derived by assuming a constant flow rate w during the filtration, which is not always confirmed in practice. During filtration, clogging may lead to a progressive pressure drop across the filter resulting in a slow decrease of the flow rate as a function of time. The theory of pressure drop of the suspension fluid through the filter has been well developed in the l i t e r a t~r e , '~"~'~~ but this aspect has not been included in the current study. During routine leukocyte filtration in blood banks, overloading of the filter and consequent filter clogging do not usually occur, and the flow generally remains constant. In this case it is possible to calculate the filtered volume (V,) of the blood cell suspension through a filter from the filter surface area A and the superficial filtration rate w:
This approach allows us to draw plots of c/c, against the filtered volume V,, which is common use in the field of leukocyte filtration research.
Simulation Experiments
A model simulation will be performed in which cell-cell interaction in the filter occurs. Deposited cells or cell aggregates may reduce the apparent pore size in the filter, thus improving the filter efficiency.' Moreover, adherent platelets in the filter may enhance the retention of granulocytes from the blood cell su~pension.~ Also indirect effects, such as the activation of the complement system, which may lead to leukocyte adhesion," probably influences the filtration process. To account for all of these effects together, one single cell-cell interaction parameter 6 was introduced.
When the contribution of cell-cell interaction to the filtration mechanism becomes more important, the value of 6
should be increased. When, however, cell-cell interaction is not considered to be important in leukocyte filtration, 6 should be taken as zero. The relation of 6 with specific cell-cell interaction phenomena occurring in the filter requires further research, and until then the quantification of 5 should be estimated by trial and error.
Using the present theory, the effect of cell deposition in the filter on the efficiency of the leukocyte filtration process was predicted (Fig. 1) . Two extreme cases, determined by the filtration coefficient of the noncontaminated filter, should be distinguished. When the leukocyte removal efficiency of the noncontaminated filter is relatively large, i.e., when c/c, is close to zero in the beginning of the filtration process, the effect of cell-cell interaction on the filter efficiency becomes important only after prolonged continuation of the filtration (Fig. 1A) . In this case, the effect of cell-cell interaction is demonstrated by a shift of the breakthrough point, i.e., the filtered volume after which an increase of the leukocyte content in the filtrate can be measured, to a larger volume of the filtrate. This theoretical finding was conf i i e d by experimental results reported by Steneker et al. , 34 who showed that the breakthrough point during filtration of leukocytes was achieved earlier in the absence of platelets in the cell suspension than in the presence of platelets.
A distinct effect of cell-cell interaction was predicted for the hypothetical case that the leukocyte removal efficiency of the noncontaminated filter is relatively small, i.e., when c/c, is substantially larger than zero in the beginning of the filtration (Fig. 1B) . In this case, an increased filter efficiency becomes apparent already at the onset of the filtration. This effect was best demonstrated for values of 5 larger than 1, resulting in an initial decrease of the concentration of leukocytes in the filtrate. In spite of a larger filter efficiency at higher 6 , saturation of the filter occurs earlier.
This is obviously due to the fact that the maximum uptake of leukocytes in the filter is determined by the filter capacity urnax, which is independent of 5, as imposed by the present theoretical model. It should be noted, however, that an initial increase of filter efficiency is not likely to occur in leukocyte filtration practice.
Currently available filters, used in standard blood bank procedures, are designed to remove at least 99% of leukocytes during the initial stage of the filtrati~n,~' and, hence, the effects of cell-cell interaction do not become apparent in these filters. Besides, commercially applied filter materials will probably have a high filter efficiency A, compared to the effective filtration efficiency of a dense layer of depleted cells (Acells), so a value for 5 larger than 1 cannot be obtained in practice. Nonetheless, in a few cases with model filters, which were not typically designed for high leukocyte removal rates, we have observed a slight increase of the filtration efficiency during the filtration process.
Another application of the present model is to simulate the effects of filtration parameters and process conditions on the concentration of leukocytes in the filtrate. Filtration curves were drawn in cases where specific model parameters were varied, whereas other model parameters were kept constant at a value approximating their order of magnitude in filtration practice (Fig. 2) . In all cases, it was assumed that the effects of cell-cell interaction in the filter are small compared to the leukocyte retention in the filter material itself, and thus 6-0. It was found that an optimal value of the initial filtration coefficient A, is a prerequisite for efficacious removal of leukocytes from the cell suspension ( Fig. 2A) . This finding confirms that filter properties, such as the pore size, porosity, roughness, charge, wettability, and physicochemical properties of the filter surface, are of prime importance for optimal filter functioning.
Many authors have derived semiempirical relations for A, as a function of the filter properties,'0914735 but this was not a particular subject of the study presented here. However, an important prediction is mentioned here. Since A, can be regarded as a leukocyte trapping probability in the noncontaminated filter14 and the mechanism of leukocyte filtration is probably governed by cell adhesion to the filter material, 293 it is reasonable to postulate that A. is proportional to the specific surface area (S) of the leukocyte filter. A similar relation between A, and S was also proposed for other depth filtration processes by other authors. 17*23 Assuming that S is inversely proportional to the filter pore size d,' we obtain In contrast to A, , the filter capacity a , , , , , (Fig. 2B ) and the leukocyte concentration in the suspension applied to the filter, c, (Fig. 2C) , do not affect the initial extent of leukocyte removal. These parameters primarily determine the filtered volume at the breakthrough point. Note that this point, as well as the initial extent of leukocyte removal, is easily adjusted by the filter thickness h (Fig. 2D) . This finding is important with respect to filter design, since it implies that in principle each given filter material, irrespective of its A, and urn= coefficients, can be applied to construct a leukocyte filter. The nominal filter thickness h* required to prepare a leukocyte-poor suspension with a permitted leukocyte concentration c* can be derived by taking
In addition to this nominal filter thickness, a layer with thickness Ah* should be added to shift the breakthrough point to the desired volume V* of the leukocyte-poor filtrate. For exp(Aoh*) % l , it can be derived from Eqs. (6) and (10) that Ah* is proportional to V*, according to Thus, when the filter parameters A, and urnax as well as the leukocyte concentration c, in the suspension applied to the filter are known, the dimensions of the filter, A and h, can be optimized by using Eqs. (12) and (13) . The value of A, and urn= can be determined by curve fitting of filtration characteristics.
Curve Fitting Experiments
To describe the results of filtration experiments by means of the general mathematical formulation for the filtration process [Eqs. (8) and (9)], at least three filtration parameters, c, urnax and A, , should be solved independently. Since theoretical relations for these parameters in terms of the properties of the filter are not yet well developed, this can only be achieved by trial and error. The problem is simplified, however, when the effects of cell-cell interaction in the filter are neglected compared to the leukocyte retention by the filter material itself. In this case, when 6-0, the filtration process is described by Eq. (6) , and the parameters urnax and A, can be determined from the results of filtration experiments.
The filter parameter urn= can be calculated from the estimated half-value volume (VI,J at which c/c, = 0.5, according to a method described by Heertjes and Zuideveld. l3 For exp(A&) D I , it can be derived from Eqs. (6) and (10) that
due to the effect of leukocyte-containing microaggregates, which are formed spontaneously during storage of leukocyte-containing blood. 27 Microaggregates (40 to 100 Fm) are significantly larger than leukocytes (5 to 15 Fm), and, therefore, two different filtration mechanisms may occur simultaneously. Leukocyte depletion is mainly caused by adhesion, whereas microaggregates will be captured by sieving. Because large leukocyte-containing microaggregates are easily retained by the filter, especially in the latter stage of the filtration when the filter becomes clogged, the leukocyte recovery (c/c,) cannot become complete. Nowadays it is common in blood bank practice to prevent microaggregate formation by partial removal of the leukocytes from blood prior to storage. 27 Remarkably, in contrast with our results, attempts of Diepenhorst et al.7 to explain their results with a depth filtration model adapted from Heertjes and Lenk12 [Eq. 
Equations (14) and (15) were used to fit the results of filtration experiments reported in the literature with the present filtration model. It should be noted that the present model was specifically developed for symmetric filters, in which A, is constant. Eventually, asymmetric filters can be described by regarding them as a series of symmetric filter layers. For the sake of comprehension, however, the examples given here deal with symmetric filter types only. Leukocyte filtration data reported for a cotton wool filter designed by Diepenhorst et a1.' could be well described by the present theory (Fig. 3) . Since values of filtration parameters c,, h, A, and w were accurately given by the authors, the value of urn, and A, could be precisely determined by using Eqs. (14) and (15) . Nevertheless, a distinct deviation from the model occurred at large filtration volumes. The discrepancy between theory and data is probably The authors do not provide the backgrounds of their model nor do they give an explanation for its failure. We assume, however, that a major shortcoming of their model is the need of a value for the initial filter porosity E , whereas our model requires a value for the initial filter capacity u , , , which is determined experimentally. By taking E , as an approximation for urnax, Diepenhorst et al.7 assumed that the complete free filter volume is available for leukocyte depletion, which is not very likely. Since the Diepenhorst et al. model is based on an equation with only one degree of freedom (i.e., k = A&,), whereas the present model requires two degrees of freedom (A, and urnax), the latter model allows a better fit of experimental data.
Filtration data for two commercial filters were reported by Reesink et al.,31 but a specification of the filter dimensions A and h as well as the filtration rate w was not given by these authors. Their results were successfully explained by the present theory, assuming values of A, h, and w equal to specifications described for the above-mentioned cotton wool filtration experiment (Fig. 4) . Using these values, it was concluded from the fit parameters urnax and h, that the capacity of the Imugard filter (Fig. 4A: urnax = 3 .00 X lo6 leukocytes cmV3) is lower than the capacity of the Erypur filter ( Fig. 4B: u-= 3.65 X 1061eukocytes * ~m -~) .
The leukocyte filtration efficiency A, was found to be practically the same for both filters. A similar conclusion, albeit not supported by quantitative filter indices, was also stated by Reesink et aL3' in their original study. The theory applied to the leukocyte filter process mentioned above can principally not be used to explain the results of previously reported leukocyte filtration experiments with a series of polyurethane membranes differing in pore size.* These experiments were performed at variable flow rate w, due to substantial clogging of the filters during filtration, whereas the present theory was derived for constant values of w. In most cases, however, the value of c/c, did not significantly change during the course of the filtration,* and change of the time axis to account for a decreasing flow rate will not significantly affect the filtration profile. It is, therefore, assumed that the deviation of experimental data from the predictions based on the present theoretical model will not be very large. Indeed, some of the membrane filtration characteristics could be success- Hence, a good comparison of different leukocyte filter materials can be accomplished by application of the present model.
CONCLUSIONS
The objective of this study was to derive a mathematical model to explain the leukocyte filtration process. It was found that most of the phenomena observed during leukocyte filtration experiments could be explained by a general mathematical formulation of the process [Eqs. (8) and ( superficial filtration velocity (cm . s- ') filter porosity in Diepenhorst model, Eq. (16) (dimensionless) filtration coefficient (cm-I ) filtration coefficient of noncontaminated filter (cm-') concentration of leukocytes in filter ( a K 3 ) filter capacity, i.e., maximum leukocyte uptake by filter (cm-3) cell-cell interaction parameter (dimensionless)
